The regulation of proteasome degradation by multi-ubiquitin chain binding proteins  by Miller, Jayne & Gordon, Colin
FEBS Letters 579 (2005) 3224–3230 FEBS 29475Minireview
The regulation of proteasome degradation by multi-ubiquitin
chain binding proteins
Jayne Miller, Colin Gordon*
MRC Human Genetics Unit, Western General Hospital, Crewe Road, Edinburgh EH4 2XU, UK
Accepted 23 March 2005
Available online 31 March 2005
Edited by Pe´ter FriedrichAbstract The 26S proteasome is a large multi-protein complex
that functions to degrade proteins tagged with multi-ubiquitin
chains. There are several mechanisms employed by the cell to en-
sure the eﬃcient delivery of multi-ubiquitinated substrate pro-
teins to the 26S proteasome. This is not only important to
ensure the degradation of damaged and misfolded proteins, but
also the regulated turnover of critical cell regulators. This discus-
sion will concentrate on what is known about the recognition
and delivery of ubiquitinated substrate proteins to the 26S
proteasome.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Selective proteolysis is an essential cellular process princi-
pally mediated by the ubiquitin–26S proteasome system. It
is required for the degradation of damaged and misfolded
proteins, and mediates regulated destruction of various cell
cycle regulators, transcription factors and tumour suppressors
[1].
The 26S proteasome is a large multi-protein complex that
selectively degrades proteins labelled with ubiquitin, a small
monomeric protein of 76 amino acid residues. Proteins are
post-translationally labelled for degradation by the covalent
attachment of an ubiquitin moiety to a target protein via an
isopeptide bond. This reaction occurs through the action of
a distinct set of enzymes. Firstly, in an ATP-dependent reac-
tion ubiquitin is conjugated to a ubiquitin-activating enzymeAbbreviations: 20S CP, 20S core particle; 19S RP, 19S regulatory pa-
rticle; AAA, ATPases associated with various cellular activities; MHC,
major histocompatibility complex; CSN, COP9 signalosome complex;
UIM, ubiquitin interacting motif; UBA, ubiquitin associated domain;
UBL, ubiquitin like domain; VWA, Von Willebrand A; VCP, vasolin
containing protein; ERAD, ER associated degradation; UBX, ubiq-
uitin regulatory X domain; CHIP, carboxyl-terminus of Hsc70 Inter-
acting protein; VHL, Von Hippel–Lindau; BAG, Bcl2-associated
athanogene; SCF, Skp1-Cul1-Fbox; APC/C, anaphase promoting
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doi:10.1016/j.febslet.2005.03.042(E1), it is then transferred to an ubiquitin-conjugating en-
zyme (E2) and onward to an ubiquitin protein ligase enzyme
(E3) (Fig. 1). An additional step involving the activity of an
E4 enzyme may also be required for eﬃcient multi-ubiquitin
chain assembly [2].
There are two types of ubiquitin modiﬁcation, mono-ubiqui-
tination and multi-ubiquitination. While mono-ubiquitination
is involved in the non-proteolytic events of histone regulation,
endocytosis and virus particle budding [3], multi-ubiquitina-
tion is principally concerned with proteolytic degradation.
Ubiquitin contains several diﬀerent lysine residues, and in the-
ory an isopeptide bond could be formed between any of these.
Ubiquitin chains of speciﬁc isopeptide linkage regulate diﬀer-
ent cellular processes [4]. For example, lysine-63 chains chieﬂy
signal non-proteolytic events within the cell such as DNA re-
pair, endocytosis, IkB kinase activation and translation.
Whereas lysine-29 and lysine-48 chains signal proteasome
mediated degradation.
Lysine-48 ubiquitin linked chains are arguably the best-
studied linkage with regard to proteolytic degradation, and
there are several mechanisms by which lysine-48 multi-ubiq-
uitinated proteins are delivered to and recognised by the 26S
proteasome. In some instances this may simply result from a
non-speciﬁc, random association with the proteasome, how-
ever in most cases the critical involvement of speciﬁc multi-
ubiquitin chain binding proteins is essential. These proteins
include co-chaperones, multimeric ATPases and ubiquitin
like domain (UBL)–ubiquitin associated domain (UBA)
shuttle proteins.
The mechanism by which the 26S proteasome receives multi-
ubiquitin tagged substrates has been the subject of much of the
literature in the ubiquitin ﬁeld for the past few years. Here we
review the importance, mechanism and function of the multi-
ubiquitin binding proteins in the delivery of 26S proteasome
substrates.2. The 26S proteasome
The 26S proteasome is a large assemblage of 30 diﬀerent
subunits amassing to 2.5 MDa [5]. It functions to degrade
intracellular proteins that have been labelled with multi-ubiq-
uitin chains of four or more ubiquitin monomers [6]. This giant
protease consists of a 20S core particle (20S CP), a barrel
shaped complex which is capped with one or two 19S regula-
tory particles (19S RPs) (Fig. 2(a)) [1].blished by Elsevier B.V. All rights reserved.
Fig. 1. The stepwise pathway of ubiquitination. In an ATP-dependent reaction the carboxyl group of ubiquitin is conjugated, via a thioester bond, to
an ubiquitin-activating enzyme (E1). The ubiquitin moiety is then transferred to another cysteine residue, in an ubiquitin-conjugating enzyme (E2).
Finally, an ubiquitin protein ligase enzyme (E3) transfers the activated ubiquitin from the E2 enzyme to a lysine residue in the substrate protein,
thereby forming an isopeptide bond. The E3 enzymes appear to play a key role in the selection of speciﬁc substrate proteins.
Fig. 2. The structure of the 26S proteasome. (a) The 26S proteasome is
composed of a 20S CP, capped with two 19S RPs. (b) The 20S CP is a
cylindrical barrel shaped complex of four stacked heptameric rings, of
a a1-7, b1-7, b1-7, a1-7 arrangement. The 19S RP is composed of two
sub-complexes, the lid and base. The base contacts the 20S CP directly,
whereas the lid contacts it indirectly via the base.
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The 20S CP is a 720 kDa complex of fourteen diﬀerent sub-
units. Resolution of the budding yeast and mammalian 20S CP
crystal structure reveals a cylindrical barrel shaped complex of
four stacked heptameric rings, of a a1-7, b1-7, b1-7, a1-7
arrangement (Fig. 2(b)). Each of the seven a and b subunits
are distinct from each other [7,8], and three of the b-subunits
b1, b2, and b5, have intrinsic peptidase activity. The enzymatic
activity of these subunits faces in such a direction so that pro-
teolysis occurs inside the cylindrical cavity. In vertebrates there
are three alternative b-subunits b1i, b2i, and b5i. During expo-
sure to speciﬁc cytokines there is a replacement of the three
proteolytically active b-subunits, for these alternative b-sub-
units, causing an alteration of proteasome function. This cul-
minates in the generation of short peptides which are
integrated into the major histocompatibility complex (MHC)
class I molecules during the immune response [8].
The axial pores of the eukaryotic 20S CP are closed and ac-
cess is gated by the 19S RPs. Experiments comparing the pep-
tidase activity of wild type and mutant 19S RP ATPase
subunits [9] has revealed that one of subunits, Rpt2 in budding
yeast, called Mts2 in ﬁssion yeast and S4 in humans, regulates
access to the 20S CP. This is due to an association of the 19SRP with the 20S CP and the ATPase activity of Mts2/Rpt2/S4,
which cause a movement of the 20S CP alpha subunit N-termi-
nal tails that normally block the axial pores and lower proteo-
lytic activity [10]. Such a gating mechanism is likely to prevent
non-speciﬁc proteolytic damage.2.2. 19S Regulatory particle
The 19S RP is a multimeric 890 kDa protein complex of un-
known structure. It confers speciﬁcity for ubiquitinated sub-
strates to the proteasome, and the association of two 19 RPs
at either end of the 20S CP forms the 26S proteasome. This
regulatory particle may be substituted with alternatives, such
as the 11S/PA28 RP during exposure to the cytokine inter-
feron-c [11], or, the COP9 signalosome complex (CSN) which
is required for deneddylation [12] and deubiquitination of var-
ious proteins [13,14]. It has been observed that a proteasome
may consist of one 11S and one 19S RP, several cellular func-
tions for which have been speculated [15,16]. Presumably a hy-
brid CSN–20S–19S proteasome could also exist with a distinct
cellular activity.
The 19S RP is composed of 19 subunits which can be bro-
ken down into two sub-complexes, the lid and base. These two
sub-complexes were initially identiﬁed in a budding yeast
strain deleted for the 19S RP subunit Rpn10, called Pus1 in ﬁs-
sion yeast and S5a in humans, as deletion of this 19 RP subunit
led to the dissociation of the two subcomplexes [17].
The base consists of several ATPases that are believed to
form a hexameric ring [18] and contact the 20S CP directly.
The role of these ATPases in gating the 20S axial pores has al-
ready been described above. Another function of the ATPase
ring is to act as an anti-chaperone complex to unfold protein
substrates into nascent polypeptides and translocate them into
the 20S CP proteolytic chamber [19].
The lid of the 19S RP contacts the 20S CP indirectly via the
base. It is composed of eight non-ATPases, the role of many of
which is unknown. One subunit of characterised function,
which is essential for ubiquitin-mediated proteolysis, is the ﬁs-
sion yeast subunit Pad1, called Rpn11 in budding yeast and
POH1 in humans [20,21]. This subunit is a Zn2+ protease that
exhibits deubiquitination activity during proteasomal degrada-
tion [22]. As only unfolded proteins can pass through the axial
pores of the 20S CP into the central proteolytic chamber, the
multi-ubiquitin chain must be detached to allow translocation
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are recycled and returned to a cytoplasmic pool, hence Pad1/
Rpn11/POH1 has been proposed to function in the recycling
of ubiquitin [22].
In summary, the 19S RP functions to gate the opening of the
20S CP axial pores, recognise the multi-ubiquitin chain and re-
move it, unfold the substrate protein and translocate it into the
20S CP proteolytic chamber. The cleaved peptides, leave the
20S CP by the axial pores [9] and perhaps by small openings
in the walls of the 20S CP [7]. They may then be further broken
down into individual smaller peptides, for incorporation into
MHC class I molecules for antigen presentation, or into amino
acids for protein synthesis.3. 26S proteasome substrate delivery
The 26S proteasome is a dynamic structure, optimally ar-
ranged so as to convey rapid, selective and eﬃcient protein
degradation. As it is involved in the degradation of many dif-
ferent substrates, having a general role in the removal of dam-
aged or misfolded proteins and a regulatory role in the
removal of speciﬁc cell regulators such as the temporal degra-
dation of cyclins, its activity must be highly regulated.
Few substrates are known to be recognised directly by the
26S proteasome, most are thought to be delivered to the pro-
teasome via the degradation mark of a covalently attached
multi-ubiquitin chain. The mode by which multi-ubiquitinated
substrates are delivered to and recognised by the 26S protea-
some is gradually being elucidated, revealing a new level of
complexity and introducing new paradigms. Henceforth, we
discuss the various modes by which multi-ubiquitinated sub-
strates are delivered to the 26S proteasome.Fig. 3. Schematic overview of the proteins involved in deliveri3.1. Proteasomal multi-ubiquitin chain recognition
Two proteasomal subunits of the 19S RP, Pus1/Rpn10/S5a,
and Rpt5/S6 0, have been shown to speciﬁcally bind multi-ubiq-
uitin chains [23–25]. Pus1/Rpn10/S5a was the ﬁrst protein
implicated in the recognition of multi-ubiquitinated substrate
proteins. A ubiquitin interacting motif (UIM) domain medi-
ates the multi-ubiquitin chain binding activity (Figs. 3(a) and
(b)). The UIM domain is 20 amino acids long, forms an
amphipathic helix [26] and contains the highly conserved
LAL(M)AL motif that is critical for binding lysine-48 linked
multi-ubiquitin chains [23,24,27].
Initially, Pus1/Rpn10/S5a was proposed to be the sole factor
responsible for recognising all multi-ubiquitinated substrate
proteins. However, genetic studies in budding and ﬁssion yeast
revealed that strains deleted for Rpn10 and Pus1, respectively,
were viable and had no obvious impairment in proteasomal
mediated degradation, thus indicating that other factors were
involved in the recognition and delivery of ubiquitinated sub-
strates [24,28]. In vivo analysis has conﬁrmed that the multi-
ubiquitin chain binding domain of Rpn10 contributes to the
degradation of at least one multi-ubiquitinated substrate pro-
tein, Sic1, a cyclin dependent kinase inhibitor [29]. Recently,
a biochemical screen analysing the ubiquitinated proteins that
accumulate in budding yeast cells deleted for Rpn10, has made
known many proteins that are dependent on this protein for
their degradation [30].
Rpt5/S6 0, one of the ATPase subunits of the 19S RP base,
can also bind multi-ubiquitin chains [25]. Its multi-ubiquitin
chain binding domain has not been characterised and surpris-
ingly, in contrast to other ubiquitin binding proteins, only
functions to bind multi-ubiquitin chains when in complex with
the proteasome. Unlike Pus1/Rpn10/S5a, a functional role of
Rpt5/S6 0 with regard to substrate recognition has not been re-
vealed. Perhaps Rpt5/S6 0 functions to receive multi-ubiquiti-ng multi-ubiqutinated substrates to the 26S proteasome.
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factors. Such an activity would ensure the capture of the sub-
strate protein by the 19S RP and its subsequent delivery to the
20S CP proteolytic chamber.3.2. Non-proteasomal multi-ubiquitin binding proteins
3.2.1. UBL–UBA shuttle proteins. Given that yeast strains
deleted for Pus1 and Rpn10 are viable and have no obvious
impairment in proteasome-mediated proteolysis, a series of
experiments were undertaken to try to ﬁnd other novel mul-
ti-ubiquitin receptors. These studies identiﬁed the UBA do-
main, previously identiﬁed in silico [31], as a multi-ubiquitin
binding domain. Using a bioinformatic approach, open read-
ing frames were identiﬁed containing putative UBA domains
in the genomic sequences of both ﬁssion and budding yeast.
The UBA domain is conserved in all eukaryotes and is 55
amino acid residues long, folding into a compact triple a-helix
[32]. Mutagenesis experiments indicate that a hydrophobic sur-
face in the UBA domain is required for binding a hydrophobic
patch on the surface of the 5-stranded b-sheet of ubiquitin [33].
The general function of UBA domains is thought to be their
interaction with multi-ubiquitin chains; however, in some in-
stances it does seem to play a role in the dimerisation of
UBA domain containing proteins [34]. It has been proposed
that these two properties may regulate the function of UBA
domain containing proteins, as dimerisation may block ubiqui-
tin binding [34,35].
It was noticed that a subset of these UBA domain containing
proteins contained an additional domain, called the UBL do-
main. The UBL domain is structurally similar to ubiquitin
[36] and shares 30% sequence identity. However, unlike ubiq-
uitin and ubiquitin-like proteins, i.e., SUMO or Nedd8, they
constitute protein domains and do not form polymers. This
subset of UBL–UBA domain containing proteins includes
Rhp23/Rad23/hRad23 (Fig. 3(c)), Dph1/Dsk2/hPLIC (Fig.
3(d)) and Ddi1 (Fig. 3(e)), all of which bind multi-ubiquitin
chains via their C-terminal UBA domain [33,37–40] and inter-
act with the proteasome via their N-terminal UBL domain
[37,41–43]. Surprisingly, the ﬁssion yeast orthologue of Ddi1,
Mud1, does not contain a UBL domain.
The discovery that these proteins could interact with multi-
ubiquitin chains and with the proteasome, revealed a new
subset of factors that could potentially deliver ubiquitinated
substrates.
A synthetic phenotype between Pus1/Rpn10 and Rhp23/
Rad23 or Dph1/Dsk2 nulls was revealed, and, when all three
are combined together there is synthetic lethality
[37,39,44,45]. Ddi1 was also revealed as being a redundant to
Rpn10 in budding yeast [45], and has a similar activity to the
proteins Rhp23/Rad23/hRad23 and Dph1/Dsk2/hPLIC. The
ﬁssion yeast Ddi1 orthologue, Mud1, is not redundant to
either Pus1 or Rhp23.
Due to the redundancy of Pus1/Rpn10, Rhp23/Rad23,
Dph1/Dsk2 and perhaps Ddi1, and that they interact with
multi-ubiquitin chains and the proteasome, it has been sug-
gested that these proteins function in parallel pathways to de-
liver multi-ubiquitinated substrates to the proteasome [37,46].
Further evidence supporting this proposed mode of protea-
some substrate delivery comes from the observation that a ﬁs-
sion yeast Pus1 null can not be rescued with Rhp23 proteins
lacking either their UBL domain or UBA domains, thus indi-cating that the function of both domains is required for protein
turnover in vivo. Genetic analysis in other systems also indi-
cates that these proteins are required for turnover of protea-
some substrates [39,44,47].
Several proteasomal UBL–UBA shuttle protein receptor
sites have been revealed. These include the 19S RP Mts4/
Rpn1 and Rpn2 subunits in yeast [43,48,49], although Rpn2
binding by Rhp23/Rad23/hRad23 may be an artefact of chem-
ical cross-linking, as this interaction has not been recapitulated
by other techniques [49]. The UBL domain of human hRad23
and hPLIC has been proposed to bind to the proteasome sub-
unit S5a (Pus1/Rpn10) [50,51] and a three-dimensional struc-
ture of the human hRad23 UBL domain binding the second
UIM of human S5a has been resolved [36]. The signiﬁcance
of this binding, with regard to presenting ubiquitinated sub-
strates to the proteasome is not clear, as budding yeast
Rad23 bound proteasomes can be precipitated from a Rpn10
deleted strain [44,29], and its activity is not dependent on the
UIM domain of Rpn10 [29]. This suggests that Rad23 contacts
another region of the proteasome and does not require Rpn10
as a receptor. However, it does appear that the Von Wille-
brand A (VWA) N-terminal domain of Rpn10, in budding
yeast, facilitates Rad23 activity [29]. It remains to be deter-
mined whether this is due to a direct interaction between
Rpn10 and Rad23 or an indirect eﬀect, i.e., the VWA domain
may assist the formation or stability of the proteasome.
Initially it was questioned whether these UBL–UBA pro-
teins actually functioned as proteasome delivery factors, as
when these proteins were overexpressed in a cell free system,
protein degradation was not stimulated but was inhibited
[52]. However, in a recent study by Verma and Deshaies
et al. [29] using an improved cell free system, it is demonstrated
that the ubiquitin–proteasome dependent turnover of the in
vivo substrate Sic1, is dependent on the function of the
UBL–UBA shuttle protein Rad23 and Rpn10, in budding
yeast. They show that proteasomes absent of Rpn10 and
Rad23 fail to degrade ubiquitinated Sic1, and that the add-
back of recombinant Rpn10 or Rad23 protein restores Sic1
degradation in both mutants.
3.2.2. Cdc48 and cofactors. In addition to the proteasomal
multi-ubiquitin binding proteins and the non-proteasomal
UBL–UBA shuttle proteins, there are also other proteins that
have been implicated in the recognition and delivery of multi-
ubiquitinated substrates to the 26S proteasome.
Cdc48, called p97 or vasolin containing protein (VCP) in
mammals, is a highly conserved hexameric ATPase of the
ATPases associated with various cellular activities (AAA) fam-
ily. It is involved in various cellular functions including mem-
brane fusion, mitotic spindle disassembly, DNA synthesis and
repair and 26S proteasome mediated degradation. It is thought
that the reason Cdc48/VCP can function in so many diﬀerent
cellular processes is that it associates with a variety of co-
factors that direct its activity [53].
In the ER associated degradation (ERAD) pathway, Cdc48
is complexed with Ufd1 and Npl4 (Fig. 3(f)). When Cdc48 is in
this complex it recognises and delivers various multi-ubiquiti-
nated substrate proteins, and transports them from the endo-
plasmic reticulum (ER) into the cytoplasm where the
substrate is then degraded by the 26S proteasome [54]. How-
ever, when Cdc48/VCP is in complex with its cofactor Ubx3/
Shp1/p47 (Fig. 3(g)), it appears to not play a role in ERAD
function. But instead, when complexed to this cofactor
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is involved in the non-proteolytic process of membrane fusion
[55] and proteasomal-mediated degradation [56,57].
The mammalian and yeast Ubx3/Shp1/p47 proteins can bind
ubiquitinated proteins directly via their N-terminal UBA do-
main [55–57]. They also contain a C-terminal ubiquitin regula-
tory X domain (UBX). The UBX domain has recently been
shown, by a number of diﬀerent laboratories, to be a general
Cdc48/VCP interaction domain [56,57]. The Ufd–Npl4 com-
plex contains neither a UBX nor UBA domain.
It is not yet clear whether these two Cdc48-cofactor com-
plexes are bona ﬁde delivery factors, or function as part of a
pathway via other proteins, i.e., UBL–UBA shuttle proteins.
Indeed, a recent publication [58] proposes its involvement in
a sequential substrate-26S proteasome targeting pathway. In
this pathway it is proposed that in budding yeast the Cdc48–
Ufd1–Npl4 complex stimulates substrate binding by the E4 en-
zyme Ufd2, which then extends a short ubiquitin chain on the
substrate protein to an optimal length. Ufd2 subsequently re-
cruits the UBL–UBA shuttle proteins Rad23 or Dsk2, that
bind the ubiquitinated substrate and deliver it to the 26S pro-
teasome for degradation.
3.2.3. Chaperones and cofactors. Members of the Hsp70
chaperone family and some of their cofactors cooperate with
the ubiquitin–proteasome pathway in the degradation of dam-
aged or misfolded proteins that cannot be correctly refolded.
Hsp70 is proposed to aid the folding of proteins by binding
nascent polypeptides as they are being translated [59]. Bag1
is a Hsp70 cofactor with a C-terminal Bcl2-associated athano-
gene (BAG) domain that interacts with the ATPase domain of
Hsp70 chaperones, stimulating substrate release from the
chaperone [60]. This cofactor also contains a UBL domain at
its N-terminus, which binds the 26S proteasome [61]. There-
fore, when Hsp70 associates with Bag1 it may well represent
a complex which can deliver unfolded proteins to the protea-
some for degradation (Fig. 3(h)).
A second mode by which chaperones may contribute to pro-
teasome mediated degradation details the involvement of the
UBL–UBA shuttle proteins. Rhp23/Rad23/hRad23, Dph1/
Dsk2/hPLIC and Ddi1 all contain STI1 domains, which are
binding sites for the Hsp70 chaperones [62]. Hence, these pro-
teins may physically interact and function in the delivery of un-
folded chaperone substrates to the proteasome. Indeed the
human Dph1/Dsk2 homologue, hPLIC2/Chap1, has been
shown to interact with an Hsp70 like Stch protein [63].
In mammalian cells misfolded proteins also appear to be tar-
geted by the addition of a multi-ubiquitin chain. The E3 ubiq-
uitin ligase enzyme carboxyl-terminus of Hsc70 interacting
protein (CHIP) has been implicated to be responsible for this
activity [64]. CHIP interacts with Hsp70 chaperones and
Bag1, it is proposed to ubiquitinate unfolded proteins and
hence mark them for subsequent degradation by the protea-
some (Fig. 3(h)).
3.2.4. E3 and E4 enzymes. In addition to CHIP, there are
other ubiquitination enzymes implicated in the delivery of sub-
strates to the proteasome. As already mentioned, the E4 en-
zyme Ufd2 binds multi-ubiquitin chains and Cdc48/VCP [2]
and is intimately involved in the degradation of speciﬁc sub-
strates [58].
Parkin consists of an N-terminal UBL domain and a C-
terminal RING ﬁnger-type E3 ubiquitin ligase domain. Sak-
ata et al. [65] found that the UBL domain of Parkin bindsthe 19S RP proteasome subunit Rpn10, and that binding is
perturbed when the UBL domain is mutated. The impor-
tance of this interaction is highlighted in Parkinsons disease,
as mutations in this domain may be a causative factor
[65,66]. Another E3 ubiquitin ligase, Elongin B, also con-
tains a UBL domain and forms part of the Von Hippel–Lin-
dau (VHL) complex. Currently, there is no evidence
indicating that the UBL domain of Elongin B is involved
in bringing the VHL complex to the proteasome, in fact
there is no evidence the VHL interacts with the proteasome.
Two other multimeric E3 ligase enzymes, Skp1-Cul1-F box
(SCF) and anaphase promoting complex/cyclosome (APC/
C) interact with the proteasome in budding yeast [67] and
with the proteasome delivery factors Pus1/Rpn10 and
Rhp23/Rad23 in ﬁssion yeast [49].
E3 and E4 enzymes provide a mechanism by which ubiqui-
tinated substrate proteins could be delivered directly to the
proteasome. However, it is most probable that they cooperate
with other delivery factors, such as the UBL–UBA shuttle pro-
teins in the delivery of 26S proteasome substrates.
3.2.5. UBA-PB1 proteins. Sequestosome 1/p62 is a newly
discovered multi-ubiquitin delivery factor, which was also
one of the ﬁrst UBA containing proteins to be experimen-
tally characterised [68] (Fig. 3(i)). This protein has been
implicated in the pathogenesis of Alzheimers disease [69]
and mutations in the UBA domain can result in Pagets dis-
ease, an ailment of bone [70]. The UBA domain of Seques-
tosome 1/p62 speciﬁcally interacts with lysine-63 rather than
lysine-48 linked multi-ubiquitin chains [69]. Sequestosome 1/
p62 can interact directly with the proteasome subunit S5a,
and deletion analysis suggests that the C-terminal PB1 do-
main, a domain that is structurally related to ubiquitin
[71], is responsible for such an interaction [69]. A role of
Sequestosome 1/p62 in proteasome-mediated degradation
has been revealed, as depletion of Sequestosome 1/p62 inhib-
its proteasome-mediated degradation [69]. Hence, this im-
plies that Sequestosome 1/p62 is another multi-ubiquitin
chain binding protein that can shuttle substrates to the
26S proteasome and, that lysine-63 linked chains, which so
far have only been reported as having a regulatory role
in the cell, may serve as a signal for proteasome-mediated
degradation.4. Further comments
Described here are the various modes employed by the cell
to ensure the delivery of multi-ubiquitinated substrates to the
proteasome. These include the function of both proteasomal
and non-proteasomal subunits. Many questions remain to be
answered with regard to substrate delivery to the 26S protea-
some such as: How many other ubiquitin receptor proteins ex-
ist? To what extent is the pathway of ubiquitinated substrate
targeting regulated and modular? Is there any temporal and/
or spatial regulation of the delivery factors that could account
for the regulated activity of the 26S proteasome with regard to
speciﬁc substrates and cellular processes?
Further investigations into the molecular mechanisms by
which these delivery factors function in the cell, and the path-
ways within which they act, will lead us to a better understand-
ing of the role of these proteins in cellular regulation with
regard to regulated protein degradation.
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